Hammerhead ribozymes (HH-Rz) are among the smallest catalytic
Ribozymes (Rz) are small RNA molecules that catalyze the hydrolysis of specific phosphodiester bonds of RNA strands with which they form base pairing and act as specific molecular scissors providing a very useful tool of studying gene function in vitro and in vivo (1, 2) .
Hammerhead ribozymes (HH-Rz) are among the smallest catalytic RNAs that have been used widely in molecular biology, biotechnology and biomedicine (3) (4) (5) (6) (7) . These RNAs fold into their active conformation by the binding of metal ions and cleave oligoribonucleotides at specific sites (NUX, where N can be any nucleotide and X can be A, C or U) by mechanisms that have been widely studied in last two decades (8-10).
Hammerhead ribozymes recognize the target gene sequence by recognition arms at its 5' and 3' ends of its catalytic core. Thus for making a gene specific ribozyme, its recognition arms (7- (14) (15) (16) (17) (18) (19) (20) (21) . Besides, target gene accessibility that plays a major role has been improved by designing the hybrid ribozymes that coupled the cleavage activity of hammerhead ribozymes with the unwinding activity of RNA helicase (22-24). These helicase coupled hybrid ribozymes were far effective in the cleavage of target mRNAs than their conventional counterparts (25, 26) . Furthermore, libraries of hybrid ribozymes with randomized binding arms were predicted to have enhanced efficiency for rapid isolation of functional genes. Indeed, these were successfully used for isolation of genes involved in apoptosis (25, (27) (28) (29) (30) , cell migration and invasion (31, 32) and Alzheimer's disease (33). In the present study, we have used this novel, simple, efficient and powerful method for isolation of genes involved in muscle differentiation in an in vitro cellular model system. We demonstrate (i) the isolation of key regulators of muscle differentiation by the Rz-mediated functional gene discovery system validating the worth of this gene discovery system, (ii) the functional involvement of the tumor suppressor genes (p19 ARF and p21 WAF1 ) in muscle differentiation implicating the significance of cell cycle regulation, and (iii) a novel gene (fem1) function involved in muscle differentiation.
MATERIALS AND METHODS

Construction of Randomized Hammerhead Ribozyme Libraries-
Chemically synthesized oligonucleotides encoding ribozyme sequences with randomized substrate-binding arms and a pol III termination sequence were converted to double-stranded sequences by PCR as described previously (27 Undifferentiating and dividing cells were isolated from the differentiating nondividing cells by ring isolation. These were expanded and re-subjected to differentiating medium in a second round of selection. Undifferentiating clones were similarly tested through the third round of differentiation. RNA was prepared from undifferentiating clones using Isogen (Invitrogen). Total RNA (2 µg)
was used for RT-PCR. It was reverse transcribed using lower primer (Promega) and sequenced using T7 primer.
Construction of Gene Specific Ribozymes and siRNA Expression
Vectors -RNA polymerase III driven hammerhead ribozyme expression plasmids for p19 ARF and p21 WAF-1 were made as described (26, 39) . The empty vector containing the tRNA sequence but without ribozyme was used as a negative control.
For construction of siRNA expression vectors, U6 promoter vector was used (40) . Target sites for siRNA were selected using an algorithm (http://www.igene-therapeutics.co.jp). Sequences of the Rz and siRNA sites chosen for different genes are listed in Table 2 . 
Analysis of Functional Involvement of Genes during Muscle
Differentiation -C2C12 cells were transfected with specific ribozyme or with siRNA gene knockdown constructs using LipofectAMINE PLUS (Invitrogen). Transfected cells were selected in puromycin (2.5 µg/ml)-supplemented medium for 2-4 days and then subjected to differentiation. Vector transfected cells were used as control. Myotube formation was monitored in control and in gene knockdown cells.
Expression of muscle specific genes in control and gene-knockdown cells were analyzed by Western blotting with specific antibodies as given below.
Western Blot Analysis -Immunoassays were performed as 
RESULTS AND DISCUSSION
Abrogation of C2C12 Differentiation with Randomized Hybrid
Ribozyme Library -To explore the genes functionally involved in muscle differentiation, C2C12 myoblasts were infected with randomized ribozyme library and subjected to differentiation medium as shown in out of the twenty-four were the genes specifically expressed in muscles.
Myf5 is the first gene to be expressed followed by myogenin, myoD, and In light of these data, isolation of cell cycle regulators as functionally involved in muscle differentiation was justified.
We further tested the functional role of p19 ARF and p21 WAF1 by their specific knockdown using ribozymes (Rz) and siRNA. Target sites for p19 ARF and p21 WAF-1 are shown in Table 2 . Efficacy of the ribozymes to knockdown their targets (p19 ARF and p21 WAF1 ) was examined by exogenous expression of epitope-tagged proteins and Western blotting with tag-specific antibodies. We found that all the five p19 ARF Rz constructs and the two p21 WAF1 Rz constructs could bring down the expression of their respective targets by 30-50% (data not shown). We next traced the formation of C2C12 myotubes in control and p19 ARF -Rz transfected myoblasts and found that 2/5 ribozymes (#19-2 and #19-4) resulted in delayed tube formation (Fig. 3A) . Table 2 ). One of the p19 ARF siRNA (#19-440) and both of the p21 WAF1 siRNA (#21-59 and #21-625) (Fig. 3C ) resulted in decreased expression of the respective target genes and myogenin. This was accompanied by significantly delayed myotube formation (Fig. 3D ).
These data confirmed the functional involvement of p19 ARF and p21 WAF1 in myoblast differentiation.
A Novel Function of Sex-Determining Family Protein-fem -
Caenorhabditis elegans fem genes (fem1, fem2, and fem3) are centrally involved in male sexual development including initiation of spermatogenesis in XX (hermaphrodite) worms, and the entire spectrum of male differentiation in XO animals (59, 60) . Fem proteins are conserved in mice and human suggesting their function in similar pathways. These contain six to seven contiguous copies of a motif (ANK repeats) found in cell cycle regulating proteins (the cdc10 of S. pombe, the SWI6 gene of S. cerevisiae, the Notch gene of Drosophila, and the lin-12 and glp-1 genes of C. elegans) (61) . Fem2 sequence is related to protein serine/threonine phosphatases of Type 2C (PP2C) and exhibits magnesium-dependent casein phosphatase activity that is critical for its function in male development in worms (62) . Murine homologues fem1a and fem1b are expressed during embryogenesis; the fem1a expression is enriched in adult heart and skeletal muscle and fem1b is highly expressed in adult testis suggesting their unique tissue specific functions (63, 64) . Fem proteins are negatively regulated by Tra-2 that prevents male development; a balance between the opposing activities of Tra-2A and fem-3 determines sex-specific cell fates in somatic tissues.
Overexpression of fem-3 could overcome the feminizing effect of tra-2 and caused widespread masculinization of XX somatic tissues (65) .
In our screen, seven ribozymes that hit three independent sites of murine fem homolog (fem1c) were isolated. We decided to analyze the functional involvement of fem protein in muscle differentiation by its specific knockdown with siRNA. Target sites are shown in Table 2 .
Cells were transfected with siRNAs and selected in puromycin following which equal number of vector and fem siRNA tranfected cells were plated. We found that fem-siRNAs improved the proliferation potential of myoblasts (Fig. 4A, cf. b and c with a) . We next transfected cells with expression plasmid for fem1 and found that these cells show early tube formation as compared to the control cells (Fig. 4B, cf. c and d with a and b). Transfection of fem1 siRNAs (fem-1000 and fem-2203) caused remarkable delay in tube formation as visualized by phase contrast microscopy ( Fig. 4B, cf. e and f with a and b) and immunostaining with anti-myosin heavy chain antibody (Fig. 4C ). This was accompanied by decrease in myogenin level (Fig. 4D ). In the absence of antibodies specific to fem1, specificity of fem-siRNAs to its target was ensured by exogenous expression of V5-tagged fem and its analysis by anti-V5
antibodies. We found that these siRNAs were highly specific to fem1
and caused up to 55% reduction in the protein level (Fig. 4E ). Taken together, we have exposed a novel function of the fem1 protein by employing ribozyme based functional gene discovery system.
Novel Gene Functions for
Muscle Differentiation -Our screen has identified six novel genes (Gene bank accession numbers:
1700025D19, 2410015A15, 4933405K18, 6820443O06, A630095P14 and A930024E05 (Table 1 ) putatively involved in muscle differentiation.
Further studies on specific knockdown of these genes are warranted.
These studies will not only enhance our understanding on the functional biology of muscle differentiation but may also provide information for therapy of muscle diseases.
Taken together, we have demonstrated (i) an effective use of a randomized ribozyme library for identifying genes for muscle differentiation, (ii) the validity of this approach by specific knockdown of some mRNAs, and (iii) the functional involvement of tumor suppressors (p19 ARF and p21 WAF1 ) and a sex-determining protein fem1
in muscle differentiation.
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